An ozone-sensitive mutant was isolated from T-DNA-tagged lines of Arabidopsis thaliana. The T-DNA was inserted at a locus on chromosome 3, where two genes encoding glycolate oxidases, GOX1 and GOX2, peroxisomal enzymes involved in photorespiration, reside contiguously. The amounts of the mutant's foliar transcripts for these genes were reduced, and glycolate oxidase activity was approximately 60% of that of the wild-type plants. No difference in growth and appearance was observed between the mutant and the wild-type plants under normal conditions with ambient air under a light intensity of 100 mmol photons m À2 s À1 . However, signs of severe damage, such as chlorosis and ion leakage from the tissue, rapidly appeared in mutant leaves in response to ozone treatment at a concentration of 0.2 ml l À1 under a higher light intensity of 350 mmol photons m À2 s À1 that caused no such symptoms in the wild-type plant. The mutant also exhibited sensitivity to sulfur dioxide and long-term high-intensity light. Arabidopsis mutants with deficiencies in other photorespiratory enzymes such as glutamate:glyoxylate aminotransferase and hydroxypyruvate reductase also exhibited ozone sensitivities. Therefore, photorespiration appears to be involved in protection against photooxidative stress caused by ozone and other abiotic factors under high-intensity light.
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Introduction
Tropospheric ozone (O 3 ) is a phytotoxic air pollutant, whose global background concentration has more than doubled in the past century. In addition, it is predicted to increase further over the next century, considerably threatening ecosystems and agriculture, especially in areas that are rapidly being industrialized (Hough and Derwent 1990, Giles 2005) . The effects of O 3 on plants are often characterized as either acute or chronic responses. Acute exposure of plants to high concentrations of O 3 (e.g. 0.2 ml l À1 ), lasting from a few hours to a few days, induces chlorotic or necrotic foliar lesions in sensitive plants. Chronic exposure to low levels of the pollutant (lower than those causing acute effects) for several days or weeks causes a reduction in growth rate and the acceleration of foliar senescence (Pell et al. 1997 , Fiscus et al. 2005 . Various physiological, biochemical or genetic studies have elucidated some of the mechanisms of plant O 3 sensitivity and O 3 lesion development: O 3 , or the reactive oxygen species (ROS) that result from its degradation in the apoplast, can either cause direct oxidative damage or induce programmed cell death through the activation of several signal transduction pathways (Overmyer et al. 2003 , Kangasjärvi et al. 2005 , Tamaoki 2008 .
Plants have various protective mechanisms against O 3 , which have been unraveled mainly by genetic studies with mutants or accessions of Arabidopsis thaliana exhibiting different O 3 sensitivities. As can be expected from the fact that the rate of O 3 absorption by plants is governed by the degree of stomatal aperture (Laisk et al. 1989 , Fiscus et al. 2005 , mutants with defects in stomatal regulation (Saji et al. 2008 , Vahisalu et al. 2008 or ecotypes with higher stomatal conductance (Brosché et al. 2010 , Monda et al. 2011 ) were found to be highly sensitive to O 3 . Another group of O 3 -sensitive mutants comprises those with defects in the biosynthetic (Conklin et al. 1996 , Conklin et al. 1999 or regenerating (Yoshida et al. 2006 ) pathways of ascorbate, indicating the necessity of maintaining this antioxidative compound above a certain level for protection against O 3 . The third group consists of mutants that exhibit alterations in the level of, or responsiveness to, ethylene, salicylic acid, jasmonic acid or nitric oxide, supporting the involvement of these signaling compounds in the plant's response to O 3 (Overmyer et al. 2000 , Rao et al. 2000 , Rao et al. 2002 , Kanna et al. 2003 , Ahlfors et al. 2004 , Ahlfors et al. 2009 ). In addition, knockout mutants of heterotrimeric G protein subunits or NADPH oxidases (Joo et al. 2005) , and transgenic plants in which the expression of genes involved in mitogen-activated protein kinase cascades was altered (Samuel and Ellis 2002 , Miles et al. 2005 , Gomi et al. 2005 , Miles et al. 2009 ,Yanagawa et al. 2016 , have also been reported to exhibit altered O 3 responses.
Although considerable information has been obtained from these molecular studies, several questions about the fundamental aspects of plant response to O 3 remain to be answered. For example, although the O 3 sensitivity of plants has long been known to depend on the light intensity during exposure-since higher light intensities result in more severe damage (Heck et al. 1965 )-the underlying reason for this light dependence has not been clarified yet.
In the present study, we isolated an O 3 -sensitive mutant of Arabidopsis that has defects in two isoforms of the photorespiratory enzyme glycolate oxidase (GOX), GOX1 and GOX2. It is expected that the analyses of this mutant would provide novel insights into the mechanism underlying the light dependence of O 3 sensitivity of plants.
Results
Isolation of an O 3 -sensitive mutant and identification of the genes responsible for the phenotype
We previously reported an O 3 -sensitive mutant with a defect in stomatal regulation (ozs1, renamed later as slac1-5), isolated in a screen of T-DNA-tagged strains of Arabidopsis, ecotype Columbia, based on the degree of visible damage to the foliage of O 3 -treated seedlings (Saji et al. 2008) . We obtained several other O 3 -sensitive mutants in this screen, and one of them, named afterwards as gox1&2, exhibited severe foliar damage, manifested by the appearance of chlorosis and ion leakage from the tissue after exposure to 0.2 ml l À1 O 3 under a light intensity of 350 mmol photons m À2 s À1 (the same treatment as that used for mutant screening; Fig. 1 ). Such damage was not observed at all in the wild-type plants under the same conditions, or in either the mutant or the wild-type plants exposed to O 3 at a lower light intensity (100 mmol photons m À2 s
À1
). When the mutant was crossed with the wild type, F 2 progeny segregated 3 : 1 for wild-type : mutant seedlings, indicating that the O 3 -sensitive phenotype is recessive. The F 2 progeny also segregated 3 : 1 for kanamycin-resistant : wild-type seedlings, suggesting that the kanamycin resistance gene in the T-DNA is inserted at a single site in the genome. The b-glucuronidase gene, another marker in the T-DNA, was detected by PCR in all 62 F 2 mutant seedlings examined, indicating a tight linkage between the mutation and the T-DNA insertion.
The gene disrupted by the T-DNA insertion was identified by analyzing the sequences flanking the T-DNA insert, which were amplified by thermal asymmetric interlaced PCR (TAIL-PCR). Partial sequences of At3g14415 (GOX2) and At3g14420 (GOX1), two GOX-encoding genes residing contiguously at a locus on chromosome 3, were found by comparing the DNA sequence of the amplified products of TAIL-PCR with the Arabidopsis genome sequence. Further analysis indicated that two or more conjugated T-DNA fragments are inserted between the 3 0 -untranslated region of GOX2 and the fourth intron of GOX1, replacing the previously existing native strand (Fig. 2) . The translated products of these genes are peroxisomal enzymes that catalyze the oxidation of glycolate to glyoxylate during photorespiration, with concomitant production of H 2 O 2 (Reumann et al. 2004 ). The Arabidopsis genome 
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Real-time PCR product for GOX1 H H Fig. 2 Site of T-DNA insertion in relation to the GOX1 and GOX2 genes in the gox1&2 mutant. Black and white boxes: protein-coding and untranslated regions of GOX genes. LB and RB: the left and right borders of T-DNA. Open arrowheads indicate the positions of T-DNA insertion in the GOX1-knockout line SAIL_177_G11 (gox1) and GOX2-knockout line SALK_202015 (gox2). Regions amplified by real-time PCR whose results are shown in Fig. 3 are also shown.
contains a gene family of five GOX homologs. GOX1 and GOX2 are closely related to each other, and their role in photorespiration is supported by their high expression levels in photosynthetic tissue (Reumann et al. 2004 . The third paralog (At4g18360, GOX3) and two more distantly related paralogs [At3g14130, hydroxyl acid oxidase (HAOX)1; At3g14150, HAOX2] are predicted to play roles mainly in nonphotorespiratory metabolism (Reumann et al. 2004 , Foyer et al. 2009 , Esser et al. 2014 , Engqvist et al. 2015 .
Since the T-DNA insertion could have severe effects on the expression of GOX1 and GOX2, we measured the amounts of mRNA for these genes, as well as the total GOX activity of the leaves of this mutant. We found that mRNA amounts of both genes were considerably reduced, and the GOX activity was approximately 60% of that of the wild-type plants (Fig. 3) .
O 3 sensitivities of the knockout lines for GOX gene family members
The knockout lines for GOX family members exhibited no or very low levels of the corresponding mRNAs, and various foliar GOX activities that were lower than those in the wild type but higher than those in gox1&2 (Fig. 3) . This was to be expected based on previous reports on the expression of these genes in the photosynthetic tissue and the high degree of redundancy within the GOX gene family. The amounts of mRNA, not only for GOX1 and GOX2 but also for other GOX family members, were unexpectedly lower in the gox1&2 mutant than in the wild-type plants (Fig. 3a) . However, similar co-ordinate suppression of gene expression between glycolate oxidase family members has also been reported in rice (Zhang et al. 2012) .
The O 3 sensitivities of knockout lines for the GOX family members were also intermediate between those of the wild type and the gox1&2 plants, exhibiting a negative correlation with their foliar GOX activities (Fig. 4) . These results suggest that the total GOX activity is an important factor in the O 3 tolerance of Arabidopsis. Interestingly, even the knockout mutants of GOX family members such as gox3, haox1 and haox2 were slightly, but significantly, more sensitive to O 3 than were the wild-type plants, indicating that these family members also contribute to the O 3 resistance in plants. Similarly, Rojas et al. (2012) reported that every knockout mutant of the five GOX family members showed compromised resistance to non-host pathogens to varying degrees. It is not clear whether enzymes such as GOX3, HAOX1 and HAOX2 render plants more resistant to O 3 and pathogens by merely increasing the total GOX activity, or through additional unknown functions.
To investigate further the possibility of disrupted GOX genes being responsible for the mutant's O 3 -sensitive phenotype, we examined the recovery of O 3 resistance in the mutant plants into which the native GOX1 or GOX2 genes had been reintroduced. Either of the native genes reintroduced into the mutant effectively restored the foliar GOX activity ( Supplementary Fig.  S1B ), as well as O 3 resistance ( Supplementary Fig. S2 ), indicating that the disruption of the GOX genes is responsible for the enhanced O 3 sensitivity of the mutant.
Effect of O 3 on photosynthetic electron transport and amount of thiobarbituric acid-reactive substances (TBARS) of the mutant
We then investigated the effect of O 3 on photosynthetic electron transport, by measuring the photochemical quantum yield
with a Chl fluorometer. The gox1&2 mutant grown at a 14 h photoperiodic light intensity of 100 mmol photons m À2 s À1 for 2 weeks exhibited a Y(II) value similar to that of the wild-type plants grown under the same conditions. Under the same low light intensity, a slight reduction in Y(II) was induced by an exposure to 0.2 ml l À1 O 3 in the gox1&2 mutant at 2-6 h following the onset of O 3 exposure (Fig. 5) . Notably, no significant effect of O 3 was observed in the wild-type plants. When plants grown under the same conditions were transferred to a higher intensity light of 350 mmol photons m À2 s À1 , the Y(II) value was significantly reduced at 2 h and then was maintained at similar levels in the gox1&2 mutant even in the absence of O 3 . This result indicates that the photosynthetic electron transport of the mutant was damaged owing to the increase in light intensity, to an extent that was detectable in Y(II), but less than that leading to visible foliar damage. Exposure to O 3 , however, exacerbated the damage, resulting in further reduction of Y(II) to an undetectable value at 6 h. The leaf content of TBARS, a marker of oxidative stress (Janero 1990 , Conklin et al. 1996 , was increased by O 3 in the gox1&2 mutant and, to a much lesser extent, in the wildtype plant (Supplementary Fig. S3 ).
Since photorespiration is suppressed and the phenotypes of most of the 'photorespiratory mutants' (see the Discussion) are compensated under high CO 2 concentrations (Timm and Bauwe 2013), we attempted to determine whether the O 3 -sensitive phenotype of the gox1&2 mutant can also be compensated by elevated CO 2 . Indeed, the foliar damage to the mutant due to O 3 was considerably ameliorated by simultaneous exposure to an elevated concentration (0.1%) of CO 2 ( Supplementary Fig. S4 ). We also examined the responses of several other O 3 -sensitive accessions and mutants characterized to date, and found that Kas-1 exhibited phenotypic compensation by the higher CO 2 concentration under the conditions of this experiment, while Cvi-0, slac1-5 (a mutant with open stomata phenotype; Saji et al. 2008 ) and vtc-1 (an ascorbate-deficient mutant; Conklin et al. 1999) did not.
Effects of high light and O 3 on the foliar contents of glycolate and glyoxylate in the gox1&2 mutant Since GOX catalyzes the conversion of glycolate to glyoxylate, the gox1&2 mutant may have altered contents of these metabolites. When we measured these metabolites in wild-type leaves at 0 or 1.5 h after the onset of their exposure to the higher light intensity of 350 mmol photons m À2 s À1 (HL) or HL + 0.2 ml l
À1
O 3 , their contents were maintained at low levels (1-2 mg g -1 FW for glycolate and 5-6 mg g -1 FW for glyoxylate), irrespective of the light intensity or the presence/absence of O 3 . As expected, the foliar content of glycolate was higher, though not statistically significant, in the mutant than in the wild type (22.5-fold) already at the beginning of the treatment and was strongly increased (about 1,000-fold) by the HL or HL + O 3 treatments (Fig. 6) . Unexpectedly, but in keeping with the result reported by Lu et al. (2014) , the foliar content of glyoxylate also tended to be higher in the mutant than in the wild type, irrespective of the conditions. Although the accumulation of these metabolites under HL might has some effects on the mutant cells, it also occurs in the absence of elevated O 3 and is hence unlikely to be responsible for the observed severe damage to the foliage (Figs. 1, 6 ). In addition, pre-treatment with glycolate or glyoxylate did not render wild-type plants more sensitive to O 3 ( Supplementary Fig. S5 ).
Sensitivity of the mutant to sulfur dioxide (SO 2 ) or long-term high-intensity light
To investigate whether the gox1&2 mutant is also sensitive to stress factors other than O 3 , we exposed the mutant and the wild-type plants to another air pollutant, SO 2 , and compared their sensitivities to this gas. Exposure to 0.8 ml l À1 SO 2 under 100 or 350 mmol photons m À2 s À1 illumination for 6 h caused foliar chlorosis in both the wild-type and mutant plants. However, the number of damaged leaves and the severity of chlorosis were much higher in the mutant than in the wild-type plants, indicating that the mutant is more sensitive to SO 2 as well (Fig. 7A) . Since both O 3 and SO 2 are absorbed by plants through the stomata, differences, if any, in the stomatal aperture are expected to cause different sensitivities to these gases. Therefore, we examined if there is any difference in the stomatal aperture between the gox1&2 mutant and wild-type plants. As shown in Supplementary Fig. S6 , little difference was observed in the stomatal aperture between the two plants, irrespective of conditions such as lower/higher light intensity or the presence/ absence of O 3 . No significant differences were observed in either stomatal size or density between the gox1&2 mutant and wild-type plants. Therefore, GOX1 and GOX2 are not involved in stomatal regulation, but appear to be involved in the protection against stresses caused by O 3 and SO 2 after their uptake through the stomata.
As mentioned above, transferring the gox1&2 mutant from lower to higher intensity light brought about some stress on photosynthetic electron transport (Fig. 5) . However, the stress was not severe enough to cause a clearly visible phenotypic difference compared with the wild-type plant. When we investigated the effect of high-intensity light for longer periods by growing the gox1&2 mutant and wild-type plants at different light intensities from germination onwards, we observed distinct differences between the two genotypes under higher light intensities. The wild-type plants grew well, with slight morphological changes in shape and color of leaves under higher intensity light conditions. In contrast, growth of the gox1&2 mutant was considerably inhibited by high-intensity light, with more severe growth inhibition under higher light intensity (Fig. 7B) . This result indicates that the mutant is distinctly sensitive to higher light intensities if exposed for longer growth periods. photorespiratory enzymes other than GOX might also be sensitive to O 3 . Therefore, we examined the O 3 sensitivity of two knockout mutants, ggat1-1 and hpr1-1, for photorespiratory enzymes glutamate:glyoxylate aminotransferase (GGAT) and NADH-dependent hydroxypyruvate reductase (HPR), respectively (Igarashi et al. 2006 ). Both of these mutant lines exhibited reduced growth under ambient air conditions, compared with wild-type and gox1&2 plants. When we exposed these plants to 0.2 ml l À1 O 3 under a light intensity at 350 mmol photons m À2 s À1 , they displayed different sensitivities to the treatment. While no or only slight additionally visible injury was observed in ggat1-1, a severe O 3 -induced chlorosis similar to that of gox1&2 was observed in hpr1-1 (Fig. 8A) . In another experiment, we grew these plants in air containing a higher concentration of CO 2 to improve their growth and then subjected them to the same ozone treatment.
Again, gox1&2 and hpr1-1, in spite of growing similarly to the wild-type, were distinctly more sensitive to O 3 than the wild type and ggat1-1 (Fig. 8A) . When we measured the degree of damage by electrolyte leakage from the leaves, the O 3 sensitivity was highest in gox1&2, followed by hpr1-1, ggat1-1 and the wild type in this order (Fig. 8B) . This result showing that not only GOX enzymes but also other photorespiratory enzymes are necessary for O 3 tolerance supports the possible involvement of the optimal functioning of the entire photorespiratory pathway in plant resistance to oxidative stresses. However, other factors may also be involved in the different sensitivities among the different photorespiratory mutants.
Discussion
Several photorespiratory enzymes are indispensable for optimal O 3 tolerance
There are some indications for the involvement of GOX or photorespiration in the plant response to O 3 . For example, rice GOX (AK068638) was identified among the proteins whose gene expression was correlated with O 3 -induced foliar injury (Cho et al. 2012) , and an O 3 -induced proliferation of peroxisomes has been reported in Norway spruce leaves (Morré et al. 1990 ). On the other hand, strong inhibition of photorespiration and of the activities of photorespiratory enzymes, including GOX and HPR, has been reported in ozonetreated soybean (Booker et al. 1997 ) and poplar (Bagard et al. 2008) leaves. Photorespiration has been suggested to be involved in protection against not only O 3 but also various other stresses through the dissipation of excess reducing equivalents/energy, and has also drawn attention as a source of ROS, which act as stress signals (Heber and Krause 1980 , Wingler et al. 1999 , Igamberdiev et al. 2004 , del Río et al. 2006 , Foyer et al. 2009 , Sandalio et al. 2013 , Voss et al. 2013 . The results of the present study provide genetic evidence for these concepts in relation to O 3 response: photorespiratory enzymes such as GOX and HPR, and also GGAT to a lesser extent, were demonstrated to be necessary for O 3 tolerance in Arabidopsis.
O 3 may trigger or aggravate a photorespiratory phenotype in the gox1&2 and hpr1 mutants As mentioned above, GOX catalyzes the O 2 -dependent oxidation of glycolate to glyoxylate with concomitant production of H 2 O 2 . Therefore, the photorespiratory flow from glyoxylate onward and the production rate of H 2 O 2 can be impaired while glycolate can accumulate in the leaves of gox1&2 mutants. With regard to the effect of the impairment of the photorespiratory carbon flow, mutations of genes encoding proteins of the photorespiratory core pathway, as well as their associated processes, have been characterized by lethality or growth inhibition under normal air, but viability or normal growth under elevated CO 2 , conditions; a phenomenon which has been described as 'the photorespiratory phenotype' Weber 2006, Timm and Bauwe 2013) . The gox1&2 mutant, as A B Fig. 8 O 3 sensitivities of wild-type, gox1&2 and two other photorespiratory mutants (ggat1-1 and hpr1-1), grown in normal fresh air or a high concentration of CO 2 . (A) Plants were grown in normal fresh air or in 0.1% CO 2 and exposed to fresh air or 0.2 ml l À1 O 3 for 4 h under continuous irradiation at 350 mmol photons m À2 s
À1
. These plants were kept in fresh air under the same light conditions for an additional 20 h and then photographed. (B) Plants were grown and exposed to fresh air or O 3 as described above, and ion leakage from their leaves obtained at various times after the onset of exposure were measured. The average and SD are shown (n = 3). Asterisks indicate significantly different values from those of wild-type plants (Jw or Col-0) (P < 0.05). Jw: Col-6, gl1-1 (background ecotype for gox1&2). Col-0: background ecotype for ggat1-1 and hpr1-1.
well as other knockout lines of Arabidopsis GOX family members used in the present study, are not classic photorespiratory mutants as these plants can grow well in normal air (Fig. 4) , and genetic redundancy has been suggested as the reason for the failure to obtain a GOX-related photorespiratory mutant in Arabidopsis (Foyer et al. 2009, Timm and Bauwe 2013) . Although GOX1 and GOX2 are considered to be the main GOX isoenzymes involved in photorespiration, and their expression is reduced in the gox1&2 mutant, the leaves of this mutant still retained about 60% of the wild-type GOX activity (Fig. 3) . Considering the site of T-DNA insertion and the regions amplified by real-time PCR for the measurements of mRNAs (Fig. 2) , some transcripts for GOX2 with altered sequences at its 3 0 -end portion may be present but have not been detected in the present analyses. Therefore, the gox1&2 mutant may not be a strict double mutant. Recently, Dellero et al. (2016) reported a distinct photorespiratory phenotype in Arabidopsis plants with a residual 5% GOX activity in which both GOX1 and GOX2 expression was knocked down using an artificial microRNA strategy. Since O 3 induced severe foliar damage in the gox1&2 mutant under normal air and highlight intensity conditions, which increase photorespiratory carbon flow (Foyer et al. 2009 ; Fig. 1) , O 3 and high light clearly trigger a reaction leading to the severe photorespiratory phenotype in the gox1&2 mutant, and also in the hpr1-1 mutant. The impairment of photorespiratory flow in these mutants is expected to result in the accumulation of reducing equivalents/ energy through not only the consumption of less NADPH and ATP but also inhibition of CO 2 fixation due to the depletion of Calvin cycle metabolites ). The excess reducing equivalents/energy can lead to enhanced ROS production through photosynthetic electron transport under high light (Takahashi and Murata 2008 , Gollan et al. 2015 , Gururani et al. 2015 . When this ROS production in chloroplasts adds to the apoplastic ROS burst derived from O 3 , the cell death program may be activated in the nucleus, causing severe phenotypes such as chlorosis and necrosis of the leaves (Fig. 9) . A similar interaction between intracellular and extracellular ROS has been suggested in pathogenesis responses (Chaouch et al. 2012) . In these cases, it is not yet clear which is the more important factor-the elevation of the total cellular ROS level or the production of ROS at these different sites-in inducing the cell death program. Many researchers tend to consider different functions in ROS produced at different subcellular locations (Mahalingam and Fedoroff 2003 , Suzuki et al. 2012 , Mignolet-Spruyt et al. 2016 , supporting the latter possibility. This also suggests a mechanistic overlap of the photorespiratory phenotype and O 3 -induced damage, and ROS signaling might generally be involved in the severe chlorotic phenotype exhibited by several photorespiratory mutants as well as stress-treated plants.
The hypothesis of triggering or aggravating the photorespiratory phenotype by O 3 is not sufficient to explain the different O 3 sensitivities among the different mutant lines shown in Fig. 8 . While the degree of growth inhibition under normal air condition is gox1&2 < hpr1-1 < ggat1-1, O 3 induces more severe damage in the opposite order. Therefore, the underlying mechanism may be very different between the mild photorespiratory phenotype of growth inhibition and the severe phenotype of cell death and chlorosis: the former may depend more on metabolic imbalances in reactions such as amino acid syntheses, while the latter may be caused by the disruption of redox homeostasis and ROS generation. Furthermore, the photorespiratory pathway interacts with several primary metabolic pathways at various intermediate metabolites, making it difficult to predict the effects of alteration of its metabolite components (Foyer et al. 2009 , Obata et al. 2016 ).
Other possible mechanisms of the O 3 sensitivity in the photorespiratory mutants Finally, the accumulation of some metabolites in the mutant leaves could also contribute to enhanced O 3 sensitivity. In gox1&2, glycolate and glyoxylate accumulate heavily in the leaves (Fig. 6) . This accumulation has been suggested to suppress CO 2 assimilation through the inhibition of ribulose bisphosphate carboxylase (Chastain and Ogren 1989 , González-Moro et al. 1997 , Lu et al. 2014 ). However, even if glycolate or glyoxylate accumulation had any phytotoxic effect, this would not be a main factor causing the severe damage in the O 3 -treated gox1&2 mutant, due to the following reasons. First, the high light treatment alone was not enough to cause severe damage in this mutant though the treatment resulted in accumulation of these metabolites as high as it did in those plants subjected to both high-light and O 3 treatments (Fig. 6) . Secondly, pre-treatment with glycolate or glyoxylate did not render wild-type plants more sensitive to O 3 ( Supplementary Fig. S5 ). It cannot be applicable even to the O 3 sensitivity of ggat1-1 and hpr1-1 in which the concentration Fig. 9 Hypothesis on sensitivities of gox1&2 and hpr1-1 mutants to O 3 and high light conditions. In this model, cell death is postulated to be induced through reprogramming in the nucleus by ROS concomitantly produced at two different sites, one in chloroplasts under high light and another in apoplasts under O 3 exposure, in the mutant cell (right figure). In the wild-type cell with intact photorespiratory flow, the amount of chloroplast-derived ROS is lower than the level required to induce cell death, even under the same O 3 and high-light conditions (left figure). HL: high light. N: nucleus. PET: photosynthetic electron transport. of these metabolites does not appear to be as high as that in gox1&2. Although a strict comparison cannot be made because the measurements were carried out with plants grown under different conditions, glycolate accumulated only a little more in hpr1-1 than in the wild-type (Timm et al. 2008 .
GOX enzymes are also involved in protection against other abiotic stress factors
The gox1&2 mutant is sensitive not only to O 3 , but also to SO 2 (Fig. 7A) . Since little difference was observed in the stomatal response between the mutant and the wild-type plants ( Supplementary Fig. S6 ), GOX enzymes appear to be involved in protection against oxidative stresses caused by these gaseous substances after their absorption through stomata. Similar to O 3 , SO 2 also causes enhanced ROS production at the apoplast through the activation of NADPH oxidases (Li et al. 2007) . The gox1&2 mutant is also more sensitive to long-term high-intensity light than the wild-type plants (Fig. 7B) . Similar results have been reported in transgenic tobacco with decreased GOX activity by co-suppression (Yamaguchi and Nishimura 2000) , and in rice carrying an estradiol-inducible GOX antisense gene (Xu et al. 2009 ). Recently, Kerchev et al. (2016) reported that the Arabidopsis gox1-1 mutant accumulated less rosette biomass, and both gox1-1 and gox2-1 were smaller than the wild-type plants when grown under high-intensity light (1,000 mmol photons m À2 s
). Their suggestion that GOX1 is metabolically more active than GOX2 is consistent with the difference in O 3 sensitivity between gox1 and gox2 in the present study (Fig. 4) . Therefore, GOX and other photorespiratory enzymes appear to be necessary in protection against high intensity light and various other abiotic stress factors. Recently, Cui et al. (2016) reported that overexpression of GOX confers resistance to high light and high temperature in rice, further supporting this hypothesis. Further studies are necessary to clarify how photorespiration and photorespiratory enzymes are involved in plant stress responses. gox1&2 and other photorespiratory mutants, as well as those overexpression lines would undoubtedly be useful for the studies.
Materials and Methods
Isolation of the O 3 -sensitive mutant and identification of the genes responsible for the phenotype
The method of mutant screening is described in Saji et al. (2008) . Briefly, a group of seeds of T-DNA-transformed A. thaliana L. ecotype Col-6, gl1-1, were obtained from the Arabidopsis Biological Resource Center, and 14-day-old seedlings grown from these seeds were exposed to 0.2 ml l À1 O 3 under continuous light irradiation. Then, plants with severe visible damage were isolated and those that reproducibly showed O 3 sensitivity were back-crossed three times with the wild-type plants (Col-6, gl1-1) to eliminate surplus mutations other than that which was responsible for the O 3 -sensitive phenotype. The mutated gene responsible for the O 3 -sensitive phenotype was also identified using the method described in our previous report (Saji et al. 2008) . Briefly, DNA was extracted from the mutant plants, and the T-DNA-flanking sequences were amplified by TAIL-PCR using the T-DNA-specific and the arbitrary degenerate primers. By comparing the DNA sequences of the amplified products of TAIL-PCR with the Arabidopsis genome sequence, we found that the PCR products contain partial sequences of GOX1 and GOX2. We then determined the DNA sequence in this region of the mutant genome using primers specific to T-DNA and to these GOX genes to confirm the locus of T-DNA insertion.
Generation of complementary transgenic lines
To prove that disruptions of GOX1 and GOX2 genes by the T-DNA insertion are responsible for the mutant's O 3 -sensitive phenotype, we checked if the intact wild-type genes encoding these GOX isoenzymes introduced into the mutant could recover the phenotype. For the generation of transgenic plants, the wildtype GOX1 and GOX2 genes, containing approximately 1 kb each of their promoter and terminator regions, were amplified from the bacterial artificial chromosomes containing these genes (F16C10 for GOX1 and T6A21 for GOX2; the Arabidopsis Biological Resource Center) and cloned into pSTARA A2 vector (PalSelect Õ , Kumiai Chemical Industry Co.) according to the supplier's instructions. These constructs were then used to transform the Arabidopsis mutant with the Agrobacterium-mediated floral dip transformation method (Bent 2006) . A few plant lines were obtained for each of GOX1, GOX2 and vector-alone transformations, but only one line grew well and produced abundant seeds for each of the GOX1-and GOX2-transformed lines. Plants of the T 2 generation of these lines, as well as the control vector-alonetransformed line, which were homozygous for the transgenes, were used to examine the recoveries in GOX activity and O 3 tolerance.
Measurement of foliar mRNA levels for GOX family genes and GOX activity For the quantification of mRNA for GOX gene family members, RNA was extracted from entire Arabidopsis rosettes using the RNeasy Plant Mini Kit (Qiagen), and cDNA was synthesized using the ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO). Then, quantitative real-time PCR was carried out with KOD SYBR qPCR Mix (TOYOBO) and specific primers for GOX family genes, as described by Rojas et al. (2012) , and for ACTIN2 (forward, TAACCCAAAGGCCAACAGAG; reverse, TTCTCGATGGAAGAGCTG GT) as an internal control, using LightCycler 480 (Roche Applied Science) and quantification using dilutions/standards following the manufacturer's instructions. The foliar GOX activity was measured against 0.2 g of the aboveground portion of 2-week-old seedlings (15-20 plants) according to the method described by Yamaguchi and Nishimura (2000) . The protein concentration of the crude extracts was determined by using the Quick Start TM protein assay (Bio-Rad Laboratories).
Measurement of foliar contents of glycolate and glyoxylate
Entire rosettes harvested from gox1&2 mutant and wild-type seedlings were frozen in liquid nitrogen and homogenized in 10 ml g -1 FW of 5% acetic acid. Then the homogenate was centrifuged at 10,000 r.p.m. at 4 C for 10 min and the supernatant solution was used for the measurement. Glycolate and glyoxylate were measured by the standard addition method by using liquid chromatography-tandem mass spectrometry (LC-MS/MS; Shimadzu). To 10 ml of the supernatant, standard glycolic acid and glyoxylic acid were added (100, 200 and 500 ng each for the mutant; 10, 20, 50 ng each for the wild type) followed by dilution to 100 ml with deionized water; then 10 ml of the mixture was injected for LC-MS/MS. The LC conditions were column, Atlantis T3, 2.1 Â 150 mm, 3 mm (Waters); solvent A, 0.1 mM NH 4 HCOO in 0.001% HCOOH; solvent B, CH 3 CN; linear gradient B from 0 to 5%; flow rate, 0.2 ml min -1 ; column oven temperature, 30 C. The analysis was performed with negative multiple reaction monitoring mode m/z 75.00 > 44.95 for glycolic acid; m/z 73.00 > 45.00 for glyoxylic acid) with the electrospray ionization probe.
Analyses of stress responses
To investigate responses to air pollutants, wild-type and various mutant plants were exposed to O 3 or SO 2 , and sensitivities to these gases were measured as previously described (Saji et al. 2008) . The seeds of knockout lines of GOX family members were obtained from the Arabidopsis Biological Resource Center, and the T 2 generations of these lines, which were homozygous for the transgenes, were also subjected to similar analyses to determine their O 3 sensitivities. Seeds were sown on blocks of rockwool and the resultant seedlings were grown in a growth chamber at 25 C under 14 h of light per day at 100 mmol photons m À2 s À1 from white fluorescent lamps and 60% relative humidity. Two-week-old seedlings were then transferred to another growth chamber and exposed to 0.2 ml l À1 O 3 or 0.8 ml l À1 SO 2 at 25 C and a relative humidity of 70% under continuous light from fluorescent lamps (100 mmol photons m À2 s À1 ) or metal halide lamps (350 mmol photons m À2 s
À1
). The sensitivities of the plants to these gases were evaluated as the degree of visual injury or ion leakage from the leaves. To measure ion leakage levels, the first and second leaves of three plants were detached at the petiole, combined and shaken in 1 ml of distilled water for 1 h, and the electroconductivity of the bathing water was measured with an ion conductivity meter. The leaves and the remaining water were then autoclaved, and the conductivity of the solution measured. Relative ion leakage was obtained by dividing the conductivity of the pre-autoclaved solution by that of the autoclaved solution. The effect of O 3 on photosynthetic electron transport was investigated in situ on the first or second leaves by measuring the photochemical quantum yield of PSII with a Chl fluorometer (Junior-PAM), following the manufacturer's instructions. The cellular content of TBARS was quantified in the extracts obtained from entire rosettes with BIOXYTECH MDA-586 ASSAY (OXIS International Inc.).
To examine the compensatory effect of high CO 2 on O 3 damage, gox1&2 mutant and wild-type plants, as well as other Arabidopsis accessions, were grown as mentioned above and exposed to the mixture of 0.2 ml l À1 O 3 and 0.1% CO 2 .
The seeds of the Arabidopsis accessions used for this experiment were obtained from the Arabidopsis Biological Resource Center, except for those of slac1-5, which was identical to ozs1 reported previously (Saji et al. 2008) .
To investigate the sensitivity to long-term high-intensity light, gox1&2 mutant and wild-type plants were grown in a growth chamber as mentioned above under 14 h of light per day at 100, 350 or 520 mmol photons m À2 s À1 from white fluorescent lamps. Stomatal apertures were measured against 20 stomata from epidermal peels prepared from the first or second leaves, by using an IMT-2 inverted microscope system (Olympus) equipped with a micrometer.
Statistical analyses
For most of the analyses, the average and SD of six or more samples obtained from 15-20 plants were calculated, and representative results from at least three independent experiments are shown in the figures. One-way or twoway analysis of variance (ANOVA) was used to determine the statistical significance among different samples.
Supplementary data
Supplementary data are available at PCP online. 
